Abstract. During intranuclear mitosis in plasmodia of Physarum polycephalum the primordium of spindle microtubules which is a somewhat electron opaque, amorphous structure with fibrous or granular elements, occurs in the center of early prophase, 20 to 30 minutes before metaphase. Then, the primordium seems to divide into two parts. Spindle microtubules develop radially from the primordia of spindle microtubules. These spindle microtubules increase in number and length during prophase. Spindle microtubules are completed in about five minutes before metaphase. The nuclear envelope remains intact during prophase, but after metaphase it breaks at the polar regions. The nuclear envelope of the daughter nucleus is re-formed from the original nuclear envelope.
Introduction
Recently, intranuclear mitosis has been studied under electron microscopy by many investigators, in protozoa (Roth, Obetz and Daniels, 1960; Hollanda, Cachon et Cachon, 1969; Jurand and Selman, 1970) and lower plants of various classes, Myxomycetes (Schuster, 1964; Aldrich, 1967 Aldrich, , 1969 Guttes, Guttes and Ellis, 1968) , Euglenophyceae (Sommer and Blum, 1965) , Dinophyceae (KubM and Ris, 1969) , Bacillariophyceae (Manton, Kowallik and yon Stosch, 1969, 1970) , Phycomycetes (Berlin and Bowen, 1964; Lessie and Lovett, 1968; Ichida and Fuller, 1968) , Ascomycetes (t~obinow and Marak, 1966; Morr, 1966; Schurantz, 1967; Robinow and Caten, 1969; Zickler 1970), Basidiomycetes (Motta, 1967 (Motta, , 1969 Lu, 1967) and Chlorophyceae (Johnson and Porter, 1968; Lovli and Brs 1970) . Mitosis in many lower organisms, animals and plants, occurs intranuclearly, while in normal mitosis in higher animal and plant cells, the nuclear envelope breaks down to fragments looking like endoplasmic reticulum before metaphase (Porter and Machado, 1960; Sakai and Shigenaga, 1964; Pikett-Iteaps and Northcote, 1966a, b; Itepler and Newcomb, 1967; Bajer, 1968; Sakai, 1968 Sakai, , 1969a Bajer and Molg-Bajer, 1969) . One of the present authors reported electron microscopic studies on the formation of the spindle body and especially the formation of spindle microtubules during nuclear division using spore mother cells (Sakai, 7c Chromosoma (BerL). Bd. 37 (Sakai, 1969b) and root tip cells (Sakai, 1969a) of higher plants. It was found that the nuclear envelope fragmented before metaphase and spindle microtubules which were formed in the cytoplasm before fragmentation of the nuclear envelope intruded into the nuclear area from the cytoplasm. The present paper will deal with, and discuss, the intranuclear mitosis, particularly the formation of spindle microtubules in Physarum polycephalum comparing the formation of spindle microtubules between normal mitosis and intranuclear mitosis.
Material and Methods
Plasmodia of Physarum polycephalum were cultured on moist ash paper in the dark at 23 ~ C with oatmeal. Plasmodia containing dividing nuclei were fixed for 1 hour with 3% to 5% glutaraldehyde, adjusted to pH 7.3 with phosphate buffer. Then the material was washed three times for 1 hour each with phosphate buffer (pH 7.3). Material was postfixed for 2 hours in a solution containing 0.7% OsO~ and 0.3% K2CI'20 ~, dehydrated by passage through a series of increasing concentrations of ethanol and embedded in epoxy resin. Sections were cut with a Porter-Blum microtome I, stained with lead acetate and observed under an electron microscope, model JEM 7.
Observations
The nuclear division~ in the plasmodium of Physarum polycephalum, take place almost synchronously, but some variations of division stage are recognizable among nuclei observed in a section of the plasmodium. The division stage was determined by measuring backwards from the time of metaphase.
The resting nucleus ( Fig. 1 ) is round and enclosed in the nuclear envelope of double membranes. Sometimes the nuclear envelope is discontinuous in places but gaps are very narrow. At this stage, the ehromatins appear as electron opaque granules of 200-250 m~ in diameter showing forms of chromoeenter or prochromosome. In the early prophase nucleus which is found about 20 to 30 minutes before metaphase, one or often two somewhat electron opaque areas are seen in the center of the nucleus. When two electron opaque areas are seen in a nucleus, they are adjacent to each other (Fig. 2 , arrows A and B. As seen in Fig. 3 at higher magnification the electron opaque areas in Fig. 2 , one ( Fig. 3 arrow A) appears as an amorphous structure, consisting of fibrous or granular (about 30~lO mt~ in diameter) elements. Its appearance resembles somewhat the paracentrosome described in connection with the formation of the flagella and spindle in diatomes (Manton, Kowallik and yon Stosch, 1970) and centrosome in Armillaria mellea (Motta, 1967 (Motta, , 1969 and Coprinus lagopus (Lu, 1967) . In the other (Fig. 3, B) , a few short microtubules are seen extending from the amorphous structure. These microtubules have wavy profiles at the arrow in Fig. 3 . In later stages of prophase, 10 to 20 minutes before metaphase, microtubules increase in number and diverge radially from the amor- phous structure at the center of the nucleus. I n this stage, two groups of radially arranged microtubules are recognized in a nucleus (Fig. 4 , arrows). They are more distant from each other t h a n the two electron opaque areas in Fig. 2 . The nucleus considered to be in middle prophase in the p l a s m o d i u m fixed from 5 to 10 minutes before metaphase assumes usually spindle form (Fig. 5) . Microtubules are seen converging at the center of the nucleus (Fig. 5 arrow) . Detailed observations show t h a t these microtubules extend radially from the amorphous structure (Fig. 6) . Their are more numerous and longer t h a n at the earlier stage shown in Fig. 3 , B. I n this stage the microtubules near the converging ends show a w a v y or beaded appearance, while at the distal ends a w a y from Figs. 9-11 the amorphous structure, they are straight. Fully developed microtubules have a straight appearance and their wavy or beaded appearance is considered to be transitional, In late prophase or prometaphase, about 5 minutes before metaphase, the nucleus becomes Jrregularly shaped. Its polar region, still enclosed by the nuclear envelope, protrudes into the cytoplasm (Fig. 7) . The spindle body is almost complete in this stage. The region to which microtubules are converging may be the pole as shown in Fig. 8 . Between the nuclear envelope and the converging region of the spindle microtubules, small bodies of an amorphous structure are still seen. In early prophase this structure appears in the center of the nucleus as an initial state of the formation of spindle microtubules. The spindle mierotubules are recognized as short and wavy tubules extending from the amorphous structure ( Fig. 3, B) . During prophase, microtubules becomes straight, increasing in number and length. On the contrary, the amorphous structure diminishes continually, and finally disappears in metaphase (Fig. 9) . From these facts, the amorphous structure with fibrous or granular elements may be considered as a center of the formation of spindle microtubules and be referred to as primordium of spindle microtubules. Two primordia of spindle mierotubules are recognized in some early prophase nuclei (Fig. 2) , while in others, only one. As the sections are very thin, it is uncertain whether one or two primordia are formed in the nucleus. As mentioned above, two primordia are seen adjacent to each other (Fig. 2) in early prophase. Sometimes, in the middle prophase, two primordia with radiating short mierotubules are found farther apart than in earlier stages (Fig. 4) . From these facts, it is considered that one primordinm is formed first and is divided into two later.
Chromatin occurs in the form of prochromosomes in the resting nucleus ( Fig. 1) and becomes thread-like during prophase (Figs. 2, 4, 5) . At prometaphase, the threads become shorter and thicker than in earlier stages of prophase (Fig. 7) and are fully formed chromosomes in rectaphase stages (Fig. 9) .
The division stages from metaphase to telophase proceed very rapidly, and are finished within 5 to 10 minutes. At metaphase, many microtubules connect the chromosomes in the equatorial plane with both poles (Fig. 9) . The intact nuclear envelope persists around the spindle body. In early anaphase, the polar region protrudes into the cytoplasm (Fig. 10,  arrow) , where the nuclear envelope is discontinuous (Fig. 11 arrows) . A bundle of mierotubu]es converges to the polar region. Between the region of convergent microtubules and the discontinuous nuclear envelope an amorphous structure can no longer be seen, but cytoplasmic granules considered to be ribosomes are visible. A small amount of cytoplasm seems to intrude into the polar region through the gap in the discontinuous nuclear envelope. In progressive stages of anaphase (Fig. 12) and telophase (Figs. 13, 14) , daughter chromosome groups separate gradually from each other and the nucleus elongates along the spindle axis. But the nuclear envelope persists around the spindle at anaphase and telophase, except at the polar regions where the nuclear envelope terminates at the polar face of the group of daughter chromosomes (arrows in Figs. 12-14) and spindle microtubules seen at the region between these groups of daughter chromosomes and the pole, are not covered by the nuclear envelope. The daughter chromosomes in telophase (Figs. 13, 14 ) become difficult to distinguish individually and are transformed into daughter nuclei. The daughter nuclei separate further from each other, but they remain still in the original nuclear envelope (Fig. 13) . Between both daughter nuclei, a discontinuous nuclear envelope connects the daughter nuclei (Fig. 13, NE ) and has as a whole the shape of a dumbbell. The daughter nuclei are enclosed by the nuclear envelope carried over from prophase without any additions of membranous elements. Spindle microtubules seen at the polar region remain outside the daughter nuclei, until the resting state (Fig. 15 ). In the resting nucleus, a nucleolus of about 1500-2000 m~ in diameter is present at the center of the nucleus (Fig. 1, N) . Its appearance is similar to that in higher plant cells. The size and position of the nucleolus in the nucleus can be used to estimate the division stage of the nucleus. During the movement of the nueleolus in the nucleus, its structure also changes from a mass consisting of granular and fibrfllar elements (Fig. 4, N) to that of a cluster of threads with a width of 150 to 300 m~ (Fig. 5, N) . In prometaphase, the nucleolus becomes a loose conglomerate of nueleolonemata and its contour becomes uneven (Fig. 7, N) . In some eases it is difficult to distinguish nucleo]onemata from. chromatin threads, because of their morphological similarity although the former are thinner and somewhat less electron opaque than the latter. This change may represent a degeneration of the nucleo]us proceeding continuously after prophase. After the separation of daughter chromosome groups, some of the nucleolar threads remain between the separated chromosome groups (Figs. 12, 13, N) . The remnants of the nucleo]us may degenerate in the cytoplasm, as described by Guttes, Guttes and Ellis (1968) . Fig. 17 . An area near the spindle pole. Fig. 18 . An area in longer distance from the spindle pole than that in Fig. 17 . Fig. 19 . An area near the equatorial plane
Metaphase spindles in median sections parallel to the spindle axis ( Fig. 16 ) and in transverse sections near the spindle pole (Figs. 17, 18) , show spindle microtubules aggregated in several groups (bundles). In Fig. 16 , microtubules are seen extending in various directions from the pole to the chromosomes. These spindle microtubules converging to the pole appear to form two or three bundles. In metaphase chromosomes, kinetochores are seen similarly as those observed in higher organisms and some microtubules connect the pole and the kinetoehores (Fig. 16,  arrows) , while others run between both poles. In Fig. 17 , some microtubules are seen in transverse section (Fig. 17, arrow) , while the others are sectioned obliquely. At an area farther away from the pole than that in Fig. 17 many oblique profiles of microtubules are seen (Fig. 18) . These mierotubules appear in three groups arranged like a whirlpool. Two of these groups run at an angle of 120 ~ to each other. Fig. 19 shows an area near the equatorial plane in a transversal section. In this figure, various profiles of spindle micro~ubules, transversal, oblique and longitudinal, are recognized. They are radially arranged but in their arrangement remain traces of a whirlpool as seen near polar regions (Fig. 17) . This arrangement might play a role in the equatorial arrangement of chromosomes in metaphase and also in the polar separation of daughter chromosomes.
No centrioles or eentriolar structures could be observed.
Discussion
The intranuclear mitoses, in general are found in lower plant cells and in the micronuclei of protozoa. Recently, electron microscopic studies on intranuclear mitosis have been made by many investigatores as stated above. This type of nuclear division differs from that in higher plant and animal cells in that the nuclear envelope remains intact during the whole period of nuclear division and spindle bodies are formed inside the nucleus. Guttes, Guttes and Ellis (1968) reported that mitosis in the plasmodinm of Physarum polycephalum was intranuclear, and the nuclear envelope persisted throughout the nuclear division and spindle microtubules develop inside the nuclear envelope. In the present observations, it has also been demonstrated that spindle microtubules develop inside the nuclear envelope. In the first detectable stage of the formation of spindle microtubules, the primordinm of amorphous structure appears in the prophase nucleus about 20 to 30 minutes before metaphase, and later it divides into two (Fig. 2) . Then spindle microtubules form as short and wavy tubules at the primordium of spindle microtubules. During prophase numerous microtubules are formed which extend radially from the primordinm (Fig. 6) . As the result, two aggregations of radiating microtubules are formed in prophase nucleus. The aggregations migrate separately towards opposite poles and reach the poles before metaphase (Fig. 7) . Guttes, Gnttes and Ellis (1968) reported that spindle microtubules first appeared as a small plaque-like bundle of fibrous materials at a short distance from the surface of the disintegrating nueleolus in early prophase. In the present observation the short and wavy microtubule occurs at first at the primordium of spindle microtubules (Fig. 3) .
The earliest stage of prophase observed by Guttes et al. is 15 minutes before metaphase. Such primordium-like aggregates of spindle mierotubnles as seen in the present work, however, were not observed by them. This discrepancy in the first appearance of mierotubules may be due to the difference of the cutting angle to the microtubules in sections. Moreover, the primordium might have been overlooked by them because their observed nucleus was too late in prophase to find the primordium, or it might have been destroyed by the fixation procedure.
As has already been discussed by Sakai (1969a) , with regard to the origin of the spindle and spindle microtubules in normal mitosis of higher organisms, there are three opinions; cytoplasmic, nuclear and both nuclear and cytoplasmic origin. Concerning the origin of spindle microtubules in the intranuclear mitosis, the following interpretations were stated. In the nucleus of amoebae, Roth and Daniels (1962) considered that the cytoplasm entered the nuclear region through gaps in the nuclear envelope which had broken down before metaphase, and thus formed a mixoplasm served in formation of spindle microtubules. Jenkins (1967) described that because the micronucleus of Blepharisma lacked the capacity for protein synthesis, precursors of the spindle microtubules must pass from the cytoplasm through the nuclear envelope.
In the present material, P. polycephalum, if the primordium were derived from both nuclear and cytoplasmic materials, the problem arises as to when and how the cytoplasmic materials enters the nucleus. Indeed, the nuclear envelope is undamaged throughout prophase. Discontinuity of the nuclear envelope was recognized in the resting nucleus, but the gaps seen in this stage are extremely narrow. It is questionable whether they are important for the passage of cytoplasmic materials to the nucleus. It is also uncertain whether cytoplasmic material passes through pores on the nuclear envelope as suggested by Guttes, Guttes and Ellis (1968) . If the entrance of cytoplasm into the nucleus is necessary for the synthesis of spindle mierotubules, these cytoplasmic materials must either be soluble or very small bodies as mentioned by Kiefer, Sakai and Mazia (1966) , and the evidence of their entrance in the nucleus must be given for very early prophase stage; because, the first sign of the formation of spindle mierotubules has been found in the appearance of the primordinm at early prophase, 20 to 30 minutes before metaphase. About the formation of the primordium of spindle microtubules further studies are necessary.
In the present observations, spindle microtubules converging towards the polar regions protrude into the cytoplasm uncovered by the nuclear envelope after anaphase (Figs. 10-14) . Similar observations, that the nuclear envelope breaks down at the polar regions in metaphase, anaphase and telophase, were made by other investigatores (Aldrich, 1967 (Aldrich, , 1969 Johnson and Porter, 1968; Motta, 1967 Motta, , 1969 Guttes, Guttes and Ellis, 1968; Lsvlic and Br~tcn, 1970) . However, an intact nuclear envelope was also observed in all stages of nuclear division in the micronucleus of Ciliata by Jenkins (1967) , Tucker (1967) and Jurand and Selman (1970) . Lsvlie and Br~ten (1970) described that mitosis in the green alga, Ulva, was intermediate between intranuclear and normal mitosis because the nuclear envelope broke at the polar regions after metaphase. According to Aldrich (1969) in the plasmodium of Physarum flavicomum the nucleus had an intranuclear spindle and the nuclear envelope persisted during the entire period of division and had no centrioles during mitosis while the myxamoebae exhibited an astral type of mitosis with ccntrioles at the poles and the nuclear envelope broke down during prophase. It has been shown in electron microscopic studies that during mitosis the nuclear envelope in higher plants and animals fragments and looks like the cndoplasmic reticulum soon before metaphase and that at telophase, it is re-formed from the endoplasmic reticulum (Porter and Machado, 1960; Sakai and Shigenaga, 1964; Pickett-Heaps and Northcote, 1966a, b; Hepler and Newcomb, i967; Bajer, 1968; Sakai, 1968 Sakai, , 1969a Bajcr and Mol~-Bajer 1969) . Spindle microtubules formed in the cytoplasm pass into the nuclear area through gaps in the nuclear envelope (PickettHeaps and Northcote, 1966a b; Sakai 1968 Sakai , 1969a Bajer and MolgBajer, 1969 ) and take part in spindle body formation. Contrary, Wada (1966 , 1970 has been insisting that the nuclear envelope persists intact around the spindle body throughout mitosis and never breaks down in higher organisms. This concept was based on light microscopic observations, but was rejected by Bajer and Mol~-Bajer (1969) . It is however possible that the difference between intranuclcar mitosis and normal mitosis is not fundamental. In some lower organisms the basic form seems to be intranuclear mitosis while normal mitosis appears as a new type during development.
The envelope of daughter nuclei in higher organisms is made anew from the endoplasmic reticulum at telophase. It is unknown whether these parts of endoplasmic reticulum are those of the fragmented nuclear envelope before metaphasc. In protozoa (Blepharisma) the nuclear envelope of daughter nuclei is newly formed by a membrane formed inside the original nuclear envelope (Jenkins, 1967) . In P. polycephalum, the daughter nuclei are enclosed by the preserved nuclear envelope carried over from prophase as suggested from Figs. 12 and 13 and no membranous elements are added from outside.
